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Abstract. Fossil fuel use and land use change that began over 200 years ago are driving the rapid
increase in atmospheric content of CO2 and other greenhouse gases that may be impacting climatic
change (Houghton et al., 1996). Enhanced terrestrial uptake of CO2 over the next 50 to 100 years
has been suggested as a way to reclaim the 150 or more Pg carbon (C) lost to the atmosphere from
vegetation and soil since 1850 as a consequence of land use change (Batjes, 1999; Lal et al., 1998a;
Houghton, 1995), thus effectively ‘buying time’ for the development and implementation of new
longer term technical solutions, such as C-free fuels. The ultimate potential for terrestrial C seques-
tration is not known, however, because we lack adequate understanding of (1) the biogeochemical
mechanisms responsible for C fluxes and storage potential on the molecular, landscape, regional, and
global scales, and (2) the complex genetic and physiological processes controlling key biological and
ecological phenomena. Specifically, the structure and dynamics of the belowground component of
terrestrial carbon pools, which accounts for two-thirds of global terrestrial organic C stocks, is poorly
understood. Focusing primarily on forests, croplands and grasslands, the purpose of this chapter
is to consider innovative technology for enhancing C sequestration in terrestrial ecosystems and
address the scientific issues related to better understanding of soil C sequestration potential through
appropriate and effective approaches to ecosystem management.

1. Soil Carbon Sequestration Potential

1.1. NATIVE ECOSYSTEM POTENTIAL

Land use options for enhanced C sequestration at the landscape and regional scales
include protection and selective management of native ecosystems, and use of
appropriate and advanced management practices in manipulated ecosystems. Of
course, there is not always a clear distinction between these two approaches, with
constructed wetlands, managed grazing of rangelands, and ‘multiple use’ national
forests being some examples.

As a baseline for judging C sequestration potential, an understanding of in-
herent ecosystem productivity is important. The ratio of net plant growth (gross
production minus respiration) to the amount of absorbed photosynthetically ac-
tive radiation (PAR) is known as the light (or radiation) use efficiency (ε).1 In
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Table I

Light use efficiencies among ecosystem types (Ruimy et al., 1994)

Ecosystem type Mean ε (g/MJ)a

Equatorial moist forest 0.62

Equatorial evergreen tree plantation 1.74

Mediterranean evergreen forest 0.37

Temperate deciduous forest 1.01

Temperate deciduous tree plantation 2.72

Temperate and subpolar coniferous forest 1.57

Temperate and subpolar coniferous tree plantations 1.69

Temperate grassland 1.26

C-3 crops 2.71

C-4 crops 3.51

All cultivated/managed vegetation 2.07

a With respect to total (i.e., above- plus below-ground) plant growth.

an analysis of the literature, Ruimy et al. (1994) derived values for the light use
efficiency for a number of ecosystem types (Table I). The values range widely,
being especially high for C-4 crops and low for some forest types. Establishing
accurate values for ε is difficult, thus the estimates in Table I are only approxi-
mations. There is also considerable variation among individual studies of the same
ecosystem type. Nonetheless, differences among ecosystem types are apparent, and
these differences highlight the importance of photosynthesis and plant respiration
in the C balance of the terrestrial biosphere and for understanding C sequestration
potential. In particular, the light use efficiency of managed ecosystems generally
exceeds that of unmanaged native ecosystems. Whereas light use efficiency need
not be strongly related to long-term C sequestration, it does represent the input side
of the C balance equation for a given light environment and canopy structure.

Differences in photosynthetic capacities among ecosystems contribute to the
importance of land cover or land use change on potential C sequestration. In-
stantaneous photosynthetic responses of plant canopies to light differ among
ecosystem types. Based on a review and analysis of micrometeorological and
canopy-enclosure measurement data, Ruimy et al. (1994) concluded that photo-
synthetic capacity per unit ground area (i.e., CO2 uptake at high irradiation, ∼1800
µmol photons PAR/m2 sec) is greatest in crops, followed by grasslands and forests
(Table II). The lower apparent photosynthetic capacity in C-4 grasslands compared
to C-3 grasslands, in spite of the generally greater leaf-level photosynthetic capac-
ity in C-4 species, may be attributable either to the limited data from grasslands or
differing degrees of stress for the measured C-3 and C-4 grasslands.
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Table II

Instantaneous photosynthetic capacity (CO2 uptake at
PPFD a = 1800 µmol/m2/s) of plant canopies in different
ecosystems (Ruimy et al., 1994)

Ecosystem Photosynthetic capacity

(µmol CO2/m2/s)

Broadleaf forests 21

Conifer forests 19

C-3 b grasslands 31

C-4 grasslands 23

C-3 crops 27

C-4 crops 33

All forests 20

All grasslands 24

All crops 28

a PPFD = photosynthetic photon flux area density. Mid-
day, clear sky summer PPFD is typically 1800–2100
µmol/m2/s at middle latitudes.
b Plants relying exclusively on the classical Calvin cycle
fix CO2 as the C3 compound phosphoglyerate are termed
C-3. In contrast, C4 dicarboxylic acids are the initial prod-
ucts of CO2-fixation in C-4 plants (Sage and Monson,
1998).

Table III includes estimates of the potential for sustained terrestrial (soil + vege-
tation) C sequestration in native and managed ecosystems developed by a group of
scientists sponsored by the Department of Energy, and although the data and tables
are from non-peer reviewed sources, the numbers used are documented (DOE,
1999). In descending order, the relative potential for C gain in native ecosystems in
the next few decades is probably greatest in tropical savannah, followed by tropical
forests, wetlands, and unmanaged temperate grasslands and forests (approximately
equivalent). With hypothesized global warming and associated accelerated soil
organic matter (SOM) decomposition, the potential for significant loss of soil C
is thought to be greatest in high latitude ecoregions, including peat lands and arctic
and boreal tundra and taiga (Amthor and Huston, 1998).

1.2. MANAGEMENT OF CROPLANDS, FORESTS AND GRASSLANDS

On a global scale, it has been suggested that soils may have a finite, steady-
state C carrying capacity controlled by the interactive temperature and moisture
components of climate on vegetation and by soil texture and mineral composition
(Schlesinger, 1995). For a given soil in an undisturbed or minimally disturbed
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Table III

Sustained terrestrial C sequestration potential. The primary C sequestration method is rated with
High (H), Medium (M), and Low (L) levels of sustained management intensity required over the
long term. Global potential C sequestration (CS) rates were estimated that might be sustained
over a period of up to 50 years (DOE, 1999)a

Ecosystem Primary method to increase CS Potential CS (GtC/y)b

Agricultural lands Management (H) 0.85–0.90 c

Biomass crop lands Manipulation (H) 0.5–0.8 d

Grasslands Management (M) 0.5 e

Rangelands Management (M) 1.2 f

Forests Management (M) 1–2 g

Wetlands Restoration, creation and maintenance (M) 0.1–0.2 h

Urban forest and grass lands Creation and maintenance (M) – i

Deserts and degraded lands Manipulation (H) 0.8–1.3 j

Sediments and aquatic systems Protection (L) 0.6–1.5 k

Tundra and taiga Protection (L) 0.1–0.3

TOTAL 5.65–8.71

a DOE (1999). Chapter 4. Carbon sequestration in terrestrial ecosystems.
b R&D allows improvements in carbon sequestration implementation. Management intensity includes fer-
tilization, irrigation, pesticides, and heavy equipment usage. No reallocation of land use, except for 10–15%
of agricultural land to biomass crop lands. Baseline values are from Amthor and Huston (1998).
c Soil carbon only; recovery of an amount equivalent to what was lost from native soils prior to agricultural
use; implementation of best-available management (e.g., no-till, intensified production and residue inputs,
intensified rotations with crop rotation, double cropping, greater use of perennials) and new technologies,
such as precision farming.
d An average annual aboveground productivity level of 13.2 Mg/ha/y. Belowground C storage is 1.75
Mg/ha/y and assumed to be ‘permanent’ and to not provide any negative feedback on further storage; Short
rotation woody crop and perennial grass production is assumed to provide equivalent C storage benefits; The
energetic costs of producing and harvesting switchgrass results in a biomass energy return ratio (energy in
harvested biomass divided by production energy costs) of 12.3 and an energy gain of 343% for ethanol pro-
duction. The C gain from substitution of ethanol for gasoline (2.48 MgC/ha/y) after subtracting carbon costs
of production (0.60 MgC/ha/y) and adding an average belowground sequestration rate of 1.75 MgC/ha/y
provides annual C savings of (2.48 + 1.75 − 0.60) = 3.60 MgC/ha/y; trees and grasses are assumed to be
equally efficient at net C production and sequestration and that production of ethanol and electricity provide
equivalent net benefits in terms of C savings; a conversion of 10% of current cropland to biomass crops
for energy represents a realistic target, while under more favorable conditions a 15% conversion might be
achievable on a world basis.
e Intensification of management with fertilization, controlled grazing, and species improvements; 25%
increase in belowground carbon stocks; linear increases through 2050.
f Total increase of 27 GtC through 2050; rehabilitation of degraded range land and fertilization by increasing
CO2.
g Watson et al. (1996) estimate 1–1.6 GtC/y (their Table 14) and include above- and belowground vegetation,
soil C, and litter. Their estimate does not include R&D to increase carbon sequestration. Trexler (1998)
suggests a rate a 2 GtC/y may be plausible. With focused R&D, both these values may be exceeded.
h The wetlands estimate is from Armentano and Menges (1986). It is for temperate and boreal wetlands,
and it primarily represents C lost to disturbance of wetlands by agriculture, forestry and peat harvesting.
The range for the tundra was taken from Oechel et al. (1993) and represents the impact of regional warming
on net C balance. Thus, the two estimates may overlap in global coverage, but the first represents direct
anthropogenic disturbance that is presumably reversible, and the second represents an indirect impact that
would be difficult to manage. Tropical wetlands are not included in the estimate.
i No estimate available.
j From Table 23 of Lal et al. (1999). Soil C emphasis; erosion, desertification and global warming effects
are controlled; includes restoration of lands, reclamation of salt-affected soils, agricultural intensification on
non-degraded lands (∼0.015 GtC/y), and fossil fuel C offset of ∼0.2 GtCg/y; includes accretion of inorganic
carbonates.
k Estimate from Stallard (1998).
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ecosystem, however, the maximum carbon sequestration potential is not known
in part because soils take more time to reach equilibrium than vegetation. For
managed ecosystems, it may be possible to increase the soil carrying capacity for
C through plant species selection or by altering the microclimate via nutrient and
water management and other means. The principal approaches for increasing ter-
restrial C sequestration are converting marginal land to more productive grasslands
and forest, increasing productivity on crop and forest land with residue manage-
ment to slow organic matter decomposition, management approaches to reduce C
loss and the application of technology.

On a global basis it is difficult to estimate the potential for increasing C
sequestration because baseline inventory data are inadequate; the difficulty is
compounded by varying and uncertain use of terms such as ‘marginal’ cropland,
‘grassland’ and ‘degraded’ soils. We present here an analysis of the potential for
C sequestration on U.S. soils for which there are adequate data on land use and
soil C inventories (Table IV). Based on such information, conclusions regarding
C sequestration potential of managed systems should be applicable wherever in
the world local land use and economic conditions are known. Because manage-
ment options for increasing C already exist, forests and croplands can be usefully
evaluated to address the consequences of changing land uses. Thus, the discussion
centers on manipulation of forests, agricultural land and, to a lesser extent, grazed
and ungrazed grasslands.

There are 47 million hectares (Mha) of marginal cropland in the United States,
14 Mha of which have been converted to grassland under the Conservation Reserve
Program (CRP). Thirty-three Mha remain available for conversion or restoration to
high C sequestrating vegetation, with the only constraint being guaranteed prof-
itability to the landowner. Current CRP land is concentrated in the mid-U.S. from
Texas to Minnesota.2 While the principal CRP benefit is reduced soil erosion, ancil-
lary benefits, such as enhanced wildlife habitat, improved air quality, and improved
surface water quality make the estimated benefit of this program $3.4 to $11 billion
annually (Young and Osborn, 1990). The C sequestration potential of CRP land has
been estimated to range between 0.4 and 1.0 metric tons (MT) C/ha/yr, for a total
annual sequestration potential of between 6 and 14 × 106 MT C (0.006–0.014 Pg
C) (Lal et al., 1998b).

It has been estimated that about 25 of the 47 Mha of degraded cropland and
pastureland in the U.S. are suitable for growth of softwood tree species and 22 Mha
for hardwoods (Parks, 1992). Some of this land is taken up in the CRP so that the
following applies to the remaining 33 Mha. Approximately 10 Mha were used for
an analysis of softwoods because economic data were available to indicate this
conversion would maintain a 4% annual return on investment. Considered a low
estimate, the analysis suggested an annual C storage increase similar to CRP land
of 0.033 Pg C (∼0.57 MT C/ha). As shown in Table IV, if all available land in the
United States was converted with similar production rates (biological potential) the
annual C sequestration would be 0.119 Pg C.
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Table IV

Annual U.S. potential for C sequestration from managed forests, arable lands and pastures

Strategy Average C sequestration

Low estimate High estimate

Pg C/year Pg C/year

Forestry a

Converting marginal crop/pasture to forest 0.033 0.119

Increasing timber growth on timber land 0.138 0.190

Growing short-rotation woody crops for energy 0.091 0.180

Increasing tree numbers/canopy cover in urban areas 0.011 0.034

Planting trees in shelter belts 0.003 0.006

Subtotal 0.276 0.529

Arable land b

Cropland conversion to CRP (excluding agroforestry) 0.006 0.014

Soil restoration (eroded land, mine land, salt affected soil) 0.011 0.025

Conservation tillage/residue management 0.035 0.107

Better cropping systems (fertilizer, cover crops, manure) 0.024 0.063

Subtotal 0.075 0.208

Total managed forests, arable land, pastures 0.351 0.737

a After Hair et al., 1996; Birdsey et al., 1992.
b Lal et al., 1998b.

The second overall approach for enhancing C sequestration is to increase the
productivity of crop and forest land. In agriculture it has been shown that high
yields can be maintained while simultaneously managing land for optimum C stor-
age in the form of increased surface residue and SOM. In this respect the adoption
of conservation tillage practices is a viable mechanism to increase C storage by
(1) reducing erosion, (2) increasing soil aggregation, and (3) decreasing the loss of
SOM to microbial oxidation that results from tillage (Lal et al., 1998b). However,
the adoption of conservation tillage has been somewhat slow because yields can
be depressed in the first few years and pesticide and herbicide use often increases.
Research is finding ways to overcome these problems and, as of 1997, 37% of all
U.S. cropland was under some form of conservation tillage. The C sequestration
potential of the combined practices of no-till, mulch, and ridge tillage was esti-
mated to be 14.1 × 106 MT (0.014 Pg) C/yr, with associated savings in fossil fuel
equivalent to 1.6 × 106 MT C/yr. In addition, managing crop residues from these
systems may sequester another 22.5 × 106 MT (0.023 Pg) C/yr (Cole et al., 1996).
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The U.S. Forest Service has estimated that 85 Mha of forest land have the bio-
logical potential to increase production through regeneration and stocking control.
Vasievich and Alig (1996) showed, for an economic constraint of a 4% annual
return on investment, that these timberlands could sequester 0.138 Pg C/yr under
proper management. They also estimated that if all timberlands in this analysis,
regardless of economic constraints, were managed for C sequestration, the potential
would increase to 0.19 Pg C/yr (Table IV).

Another strategy for sequestrating C is the conversion or reallocation of agri-
cultural land to woody crops. The U.S. Department of Agriculture (USDA, 1990)
projected that 52 Mha of agricultural land will be in excess of demand for food
production from 2000 to 2030. Wright et al. (1992) estimated that between 14 Mha
and 28 Mha of cropland are suitable for woody crops. With a current production
level of 6.5 MT C/ha, the sequestration potential for this strategy is 0.09 to 0.18 Pg
C/yr (Table IV).

Other sequestration potential for both forestry and agriculture is also included
in Table IV. Lal et al. (1998b) estimated a total potential for agriculture between
0.075 and 0.208 Pg C/yr. The totals for forestry and agriculture range between 315
and 633 × 106 MT C/yr (mean of 0.47 Pg/yr). The lower and upper total values in
Table IV represent 22% to 44% of the total U.S. fossil C emissions of 1.44 Pg, as
estimated by the U.S. Department of Energy, and slightly less when using the total
reported by the U.S. Environmental Protection Agency (1.709 Pg).

Grasslands constitute approximately 26% of the total U.S. land area, equivalent
to 240 Mha, in comparison to cropland (134 Mha) and forests (298 Mha). On a
worldwide basis temperate grasslands occupy 900 Mha. Grasslands are among
the most productive systems in the world with annual NPP of 400–500 g C/m2

compared to savanna (300–350 g C/m2/yr), temperate forests (550-600 g C/m2/yr)
and tropical forests (800–1000 g C/m2/yr) (Burke et al., 1997).

Native grasslands in North America are designated ‘mixed grass’, ‘short grass’,
or ‘tall grass’ prairie. Coupland (1992) estimated net above-ground production
for mixed grass prairie to range from 250 to 600 g/m2/yr, with below-ground
production ranging from 300 to 1000 g/m2/yr. For short grass prairie, the above-
ground NPP was estimated at 50 to 325 g/m2/yr, and belowground between 540 to
790 g/m2/yr (Lauenroth and Milchunas, 1992). Kucera (1992) collated information
on tall grass prairie and reported a range of 200 to 1000 g/m2/yr, with belowground
production being at least equal to aboveground biomass production.

Worldwide, temperate grasslands have similar productivity ranges. To increase
production, it is necessary to bring these lands under management with the option
of choice being N fertilization. This could significantly increase NPP. However,
grasslands have an inherent capacity to emit N2O, a strong greenhouse gas (Mum-
mey et al., 1999), and this would likely increase with the use of N fertilizer. Thus,
a comprehensive analysis that includes NOx emissions and the C cost of fertilizer
production and application is needed to evaluate the net C sequestration benefits of
fertilization of grasslands.
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Degraded soils also represent a large potential for C sequestration. Worldwide,
there are approximately 1965 × 106 ha of degraded soils, 4% from physical degra-
dation, 56% from water erosion, 28% from wind erosion, and 12% from chemical
degradation (Oldeman et al., 1991). With proper management these soils have the
combined potential to sequester between 0.81 and 1.03 Pg C/yr. The best options
include reclamation of saline soils, erosion control, restoration of eroded lands, and
biofuel production (Lal et al., 1999).

2. New Technology for Soil Carbon Sequestration

New technology with the potential to enhance soil C sequestration can be cate-
gorized as (1) technology for soil, crop and forest management, (2) exploitation
of underutilized land resources and existing biodiversity, (3) plant biotechnology,
(4) microbial biotechnology, and (5) chemical technology. The U.S. Department
of Energy (1997) made theoretical considerations on the potential of new soil C
sequestration technologies, their probability of success and the time required for
their implementation. These considerations are reproduced and further expanded
in Table V. The likelihood of success refers only to the technology being achiev-
able; it does not consider economics or public acceptability. None of the entries
in Table V consider additive potential from precision management; nor does any
category include additive input from any other, although they probably overlap.

2.1. PRECISION TECHNOLOGY FOR CROP AND FOREST MANAGEMENT

As discussed above, selected management practices in agriculture and forestry have
the potential to significantly enhance soil C sequestration. In addition, sequestra-
tion potential could be further enhanced with new technology. Ground and plant
based sensing mechanisms linked to proximal or remote imaging with computer
control comprises the emerging set of technologies known as precision agricul-
ture (Pierce and Sadler, 1997). In time, the widespread use of precision methods
over broad areas of agriculture and silviculture holds tremendous potential for use
in efforts to enhance soil C sequestration or, minimally, indirectly influence at-
mospheric CO2 increase though reduced energy consumption. The contribution of
this ‘high’ technology to precision farming and forestry will include the following:

• Sensors to detect the appearance of pathogens for early, precisely targeted
control.

• Use of aerial and global positioning technology for precise application of
fertilizer – how much, when and where it is needed in a field or forest.

• Efficient ‘just in time’ irrigation systems that maximize water use efficiency.

Each of these approaches will apply rapidly evolving computer and information
technology. In the near term, sensors will be electronic devices. In the longer term,
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Table V

Proposed global carbon sequestration potential from new technology

Technical approach Potential Potential Time to

sequestration success implement

(Pg C/yr) High/Med./Low (yr)

(inverse of risk)

Crop and forest management a

Cropland management 0.5–2 H Now

Forest management 1–3 M/H Now

Under-utilized resources

Deserts and saline/alkaline aquifers b 0–1 L 25

Native plant biodiversity c N/A H Now

Plant biotechnology d

Innate productivity 1–6 L/M 25

Photoassimilate partitioning 0–2 L/M 25

Stress tolerance (salt, drought) 1–3 M 10

Nitrogen fixation 1–2 L/M 25

Lignin (fiber) biosynthesis 1–2 L/M 5

Bio products e N/A H 5

Microbial biotechnology

Soil conditioners 0–0.5 M Now

Mycorrhizal fungi 1–2 H 10

Engineering rhizobial communities 1–2 H 25

Chemical technology

Smart fertilizers 0–1 M 10

Soil additives/conditioners 0–0.5 H Now

Calcium for arid regions 0–2 L Now

Plant growth regulators 0–1 H Now

a Does not include impacts of biotechnology or chemical technology, which are probably
additive.
b Baseline is unmanaged arid/hyper-arid desert without plant cover. Lower value is periodic
desert flooding. Larger value is for highly engineered microalgal mass culture.
c Because many scenarios are possible, there is no single comparison base.
d All of the plant biotechnology options are intimately linked, so values are probably not
additive.
e Fossil fuel offsets.
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plants may be genetically engineered to produce unique spectral signals in response
to stress such as pathogen attack or water deficit, for detection by novel and cost-
effective remote sensing systems (e.g., hyperspectral imaging) now in the early
stages of development.

2.2. UNDERUTILIZED RESOURCES

Underutilized resources include land, groundwater, and native biodiversity. For
land and groundwater, the related cases considered here are (1) to irrigate deserts
with water from saline and alkaline aquifers, or (2) to use the saline/alkaline
groundwater to mass culture microalgae. Microalgae, including cyanobacteria
(blue-green algae), are natural components of biological crusts in semiarid lands
and deserts and are capable of fixing C and N at high temperature and irra-
diance when provided with sufficient moisture. Although never attempted, it is
theoretically possible to use periodic flooding with saline/alkaline groundwater to
encourage the growth of salt and alkaline-tolerant cyanobacterial inoculants over
large areas of desert (Knutsen and Metting, 1991). In addition to photosynthesis,
enhanced C sequestration through carbonate formation might also take place if the
groundwater were rich in Ca.3 Use of the same groundwater resources to mass
culture microalgae in highly engineered systems in deserts has been the subject
of ongoing research for over 25 years. Although microalgae are cultivated com-
mercially for high value products (Metting, 1996), the large-scale production of
microalgae strictly for biomass or C capture has yet to be attempted because of
unfavorable economics. Because the single largest projected cost is the acquisition
and provision of CO2, it may be feasible to transport sequestered C from power
plants to deserts for this purpose.

The more practical near-term opportunity is to exploit underutilized native plant
resources with, for example, inherent tolerance to acid soil, salinity, drought or
other stresses for purposes such as reclamation of degraded land and erosion con-
trol to stem desertification. This might be accomplished with a focus on selected
C-3, C-4, and CAM4 plants for water use efficiency and by expanding the area
planted to shelter belts and to food and biomass crops shown to be effective under
various ecological situations. Lal et al. (1999) consider in detail the use of na-
tive plant biodiversity for restoring degraded lands, the effects of which on soil C
sequestration are not well understood.

2.3. PLANT BIOTECHNOLOGY

Plant genetic engineering for enhanced NPP could lead directly to greater C
sequestration. Changes in traits other than NPP, such as chemical composi-
tion or photosynthate partitioning between shoot and root, could also influence
C sequestration. Some target endpoints for enhanced C sequestration via plant
biotechnology are to:



INCREASING SOIL CARBON SEQUESTRATION 21

• Improve innate photosynthetic efficiency and net primary production (NPP).
• Manipulate photoassimilate partitioning.
• Manipulate content of lignin and other polymers.
• Develop various bio-products to displace fossil fuel based products.
• Improve stress tolerance, including salt and drought tolerance, and Al toler-

ance for acidic tropical soils.
• Engineer C-4 photosynthesis into C-3 plants.
• Engineer N2-fixation into non-leguminous plants.

Two general points emerge from such a list. First, the application of most or all
of the technologies would likely be limited to highly managed ecosystems, such
as croplands, managed forests and biomass plantations. In addition to significant
logistical challenges, the introduction of genetically altered characteristics into na-
tive plant communities and ecosystems could engender societal resistance based
on environmental and ethical concerns. Second, many of the proposed modifica-
tions have been the subject of research for decades, with limited success. Notable
exceptions include altered photoassimilate partitioning in favor of seeds in grain
crops and directed reductions (rather than increases) in lignin content of silage.
Together, these experiences imply that large-scale changes beyond agriculture and
silviculture, and the chances for large changes in key plant characteristics are lim-
ited. This may largely be because many of the proposed changes to plant processes
involve multiple genes and the coordination of biochemistry with anatomy, as well
as complex and interacting metabolic pathways (ap Rees, 1995). This suggests that
directed genetic solutions to complex traits will be difficult, much more so than
changes involving only one (or a few) genes. Against that backdrop, we appraise
each point briefly.

Innate photosynthesis and NPP might be improved in C-3 species if the char-
acteristics of ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco) could be
modified. An obvious target is the CO2/O2 specificity of this bifunctional enzyme.
If the specificity of rubisco for CO2 could be improved, net photosynthesis would
increase by reducing or eliminating photorespiration. A simple measure of the
potential for increased photosynthesis is the known ratio of photorespiration to
photosynthesis. With present day atmospheric CO2 and O2 concentrations, the
photorespiration/photosynthesis ratio varies from 0.1 to 0.3 for most C-3 plants
(Amthor, 1995). Theoretically, photosynthesis could thus be increased 10 to 30%
if photorespiration were to be eliminated by engineering rubisco. Although molec-
ular approaches to modifying plant physiology are advancing, decades of previous
research have contributed little improvement to photosynthesis per se, except as
associated with canopy architecture and plant nutrition. Of course, increased pho-
tosynthetic capacity would have to be coupled with increased ‘sink’ activity to
obtain greater NPP.

For purposes of soil C sequestration, a key aspect of partitioning is the relative
allocation to roots. Thus, modification and control of root architecture and rooting
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depth is an important target whose realization depends on improved understanding
of underlying genetic and metabolic processes (Schiefelbein et al., 1997). Roots
play a fundamental role in C cycling and SOM stabilization but our quantitative
understanding of their growth and turnover rates is rather incomplete. The study
of roots is difficult because they grow in a porous medium in close interaction
with minerals and other living organisms. The use of C isotopes in root studies,
however, has steadily enhanced our understanding of their role in SOC dynamics.
For example, Balesdent and Balabane (1996) assessed the extent to which maize
roots contributed to SOC content by using natural δ 13C techniques. Their isotopic
data revealed that roots had contributed 58% more C to SOC content than that
supplied by leaves and stalks together.

Crop breeders have increased the harvest index (ratio of grain to total above-
ground biomass) in cereals, but the accompanying changes in the ratio of above-
ground to below-ground growth have varied (Evans, 1993). If increased root growth
comes at the expense of grain or other harvest targets, farmers would likely be
hesitant to adopt cultivars with these characteristics. Information on root growth
characteristics could be an important aspect to consider when selecting plant
cultivars. For example, Xu and Juma (1993) used 14C pulse labeling to discern
root growth characteristics and C stabilization in two barley cultivars. Although
Samson, a six-row semi-dwarf feed cultivar, produced less root mass than Abee,
a two-row medium-height feed cultivar, it stabilized more C in soil than Abee.
Swinnen et al. (1995) also used 14C pulse labeling to study rhizodeposition of
winter wheat and spring barley grown with conventional and integrated farming
methods. Soil management did not affect root growth in wheat but it did affect that
of barley. Unexpectedly, conventional farming methods led to greater root growth,
root respiration, and rhizodepositional fluxes than those measured under integrated
farming methods. The amount of C contributed annually by rhizodeposition was
twice as much as that contributed by the standing roots left at harvest. Further
research in this area is needed to improve our understanding of the role that roots
play at the local and global scales (Jackson et al., 1997).

Modification of the lignin content and structure of plants is another potential
biotechnology for enhancing C sequestration. Vascular plants may contain up to
20% of their dry weight in lignified C compounds. These highly aromatic materials
provide mechanical support and defend against pathogen attack. The insolubility
and complexity of lignin polymers render them resistant to degradation by most
microorganisms and more persistent in soils than cellulose and other non-aromatic
compounds. There are several ongoing efforts to modify lignin content which
primarily seek to reduce content for increased ruminant digestibility and better
paper pulp (Sewalt et al., 1997). The basic knowledge gained from these efforts to
control the synthetic pathways could perhaps be directed to the opposite purpose
of increasing lignin production, for example, in the roots of select grasses. It is
important to realize that the quality of lignin varies among plant species. Also,
fungi and other microorganisms have evolved to use lignin as a C source and
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microbial communities can change so that enhanced microbial degradation may
offset increased lignin input to soil.

Any genetically based improvements in productivity of biofuel crops have the
potential to reduce fossil fuel use. While this is not a direct sequestration strategy,
any reduction in fossil fuel use reduces the total requirement for C sequestration.
In this case, it is in addition because biofuel production is sustainable and does not
result in ecosystem C losses that are greater than the fossil fuel savings.

Improved stress tolerance would result in greater NPP and could also increase
the distribution of plant species. Key stresses relevant to enhancing C sequestration
include drought and salinity, which affect vast areas of arid and semi-arid ecosys-
tems; Al stress in acidic tropical soils is also of considerable importance over large
areas. As with other complex ecological interactions, stress tolerance is generally
determined by multiple biochemical pathways and signaling networks that control
acquisition of water and nutrients, chloroplast function, and synthesis of stress pro-
teins and osmotically-active metabolites. To date, the transfer of individual genes
has resulted in only marginal enhancement of stress tolerance demonstrating again
the necessity for understanding multiple gene interactions (Bohnert and Jensen,
1996). The benefits in terms of enhanced NPP and potential C sequestration that
could be associated with improved stress tolerance justify a concerted research
effort in this area.

Net primary production by plants with C-4 photosynthetic metabolism, most
notably tropical grasses, can exceed that of C-3 plants, at least in environments
to which they are adapted. Therefore, replacement of C-3 with C-4 physiology in
select species might be an avenue toward enhanced C sequestration in terrestrial
ecosystems. Importantly, even though C-4 plants account for no more than 1%
of the number of higher-plant species, they may already account for 20–25% of
global photosynthesis in non-crop ecosystems (Lloyd and Farquhar, 1994); so C-4
photosynthesis is already ‘active’ in the terrestrial C cycle.

The notion of C-4 wheat (by nature a C-3 species) has been of interest to
crop scientists for some time. However, C-4 photosynthesis is associated with an
integrated complex of biochemical and anatomical features that are not easily in-
troduced into C-3 plants, even though C-4 photosynthesis/anatomy has apparently
evolved on several separate occasions (Furbank and Taylor, 1995). Photosynthesis
in C-4 plants depends on unique leaf anatomy, so that ‘inserting’ C-4 photosyn-
thesis into C-3 plants using biotechnology has not yet been achieved, although a
recent study reported successful expression of a C-4 enzyme in rice, a C-3 plant
(Ku et al., 1998). Also, C-4 photosynthesis can be inferior to C-3 photosynthesis in
cold environments, so the utility of C-4 photosynthesis is geographically limited.
Moreover, woody plants, which almost universally lack C-4 metabolism, may be
most useful for storing C over time periods of a few decades. This too indicates a
limited prospect for sequestering large amounts of C globally by engineering a shift
from C-3 to C-4 photosynthesis – unless it could be inserted into forests, which
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seems unlikely outside the scope of tree plantations, if it could be introduced into
trees in the first place.

Another long-sought approach to greatly improving the efficiency and reducing
the cost of crop production is by engineering N2-fixation into plant species (par-
ticularly grasses) other than legumes and the few other plant families that harbor
appropriate bacterial symbionts. The minimal progress toward introducing symbi-
otic N2-fixation into non-legumes again probably reflects an inherent limitation for
directed modification due to the complex, multigenic nature of symbiosis in both
the plant and microbial partners.

2.4. MICROBIAL BIOTECHNOLOGY

Microbiological approaches to enhanced C sequestration are also possible. As with
plants, near-term opportunities include screening and selection of existing biodi-
versity to improve microbial-plant symbioses, such as mycorrhizal fungi, bacterial
N2-fixation, biological control, phosphate solubilization, and soil conditioning
(Metting, 1992). Developing the capability to grow mycorrhizal fungi (and other
unculturable microorganisms) in pure culture would be tremendously valuable.
These fungi are symbiotic with all important forest tree species and most crops,
for which they enhance water gathering efficiency and nutrient (P and microele-
ments) uptake. Genetic engineering to improve these traits, as well as enhancing
the energy efficiency of N2-fixation in free-living and symbiotic bacteria, is another
mid- to long-term (10–25 yr.) research target. Research has begun with coupled
plant-microbial systems with the aim of manipulating entire microbial rhizosphere
communities by modulating root exudate patterns (Savka and Farrand, 1997). In
order to achieve these objectives, it will first be necessary to better understand the
intricacies of symbiosis and the very complex ecology of the rhizosphere.

Finally, microbial production of polysaccharides and humic materials facilitates
formation and stabilization of aggregates which, in turn, provides a measure of
physical protection from degradation. Microbial inoculants for conditioning soil
have been developed and used on a limited scale (Metting, 1992, 1996).

2.5. CHEMICAL TECHNOLOGY

Other potential new technology for enhanced soil C sequestration includes novel
fertilizers and soil amendments based on advances in materials research, and the
use of plant growth regulators (PGRs). ‘Smart’ fertilizers might be developed to
release nutrients upon demand by the plant in response to specific molecular sig-
nals. Chemical products (e.g., polyvinyl alcohol, lignites) to promote and stabilize
soil aggregation have been introduced for erosion control in the past, but have not
been economical for large-scale use in agriculture.

For carbonates to act as a sink for atmospheric CO2, a source of Ca is required.
A net transfer of C to the soil does not take place if the Ca is derived from dissolved
carbonate to begin with. This is particularly important for alkaline soils in arid
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and semi-arid regions where increased irrigation or precipitation without Ca input
could result in net emissions of CO2 from carbonate dissolution (Grossman et al.,
1995). If economical sources of Ca are identified, the potential exists to enhance
carbonate formation in alkaline soils by means of Ca addition. Microbial processes
for carbonate formation may also exist in soil similar to those in aquatic and marine
systems, but these have not been extensively studied.

Plant growth regulators (PGRs) are synthetic and natural compounds (mostly
organic), including hormones, that affect plant metabolism and development when
present in very low concentrations. Various PGRs have been used commercially
for many years to hasten or delay the ripening of fruit, to induce senescence, in-
crease production of a desired metabolite (e.g., latex, oleoresins), or control plant
morphology, including tillering in grasses. Molecular signals from symbiotic and
pathogenic soil microorganisms are also known to influence root architecture when
present in low concentrations in the rhizosphere. Thus, the discovery, selection, and
use of select PGRs to influence belowground growth and metabolism may also be
a feasible approach to enhance soil C sequestration.

3. Knowledge Gaps and Scientific Research Needs

3.1. THE OVERARCHING QUESTIONS

The existence of many fundamental knowledge gaps highlights the need for sci-
entific research to improve our understanding of soil C sequestration and establish
an information base for the development and implementation of new sequestration
technology. Ongoing and future research efforts and the identification of specific
gaps in basic understanding with which they are associated can be addressed in the
context of a primary set of overarching questions in need of resolution:

• How can we best reduce the large uncertainties in global terrestrial C
inventories?

• Are estimated native ecosystem C sequestration capacities equivalent to their
maximum carrying capacities? Is the historic (pre-agriculture) storage capac-
ity of agricultural soils equivalent to their maximum inherent capacity? How
accurate an estimate of the long-term potential for soil C sequestration can be
made?

• Will tropical and north temperate forests, and high latitude taiga and tundra
ecosystems become net sinks or sources of C with global warming? Will
warming favor enhanced production or SOM oxidation? How will this vary
among regions?

• How can other potential benefits and risks of enhanced soil C sequestration,
such as soil quality, best be identified and quantified?

• What is the potential for plant and microbial genetic engineering in the post-
genome era to make significant impacts on C sequestration? What are the
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inherent biological and ecological limits to manipulating NPP, soil microbial
communities, and plant-microbe symbioses?

• What are the opportunities for developing new biological, chemical, and C
sequestration management technologies? Which of these can realistically be
applied over large areas of the Earth?

3.2. SOIL CARBON INVENTORIES: DATABASE CONSISTENCY AND

VERIFICATION

More accurate baseline inventories of global land use, extent and sequestration
capacity of native and disturbed ecosystems, and stocks of organic and inorganic
soil C are needed. To be useful for long-term forecasting and planning, it is impor-
tant not only to have more reliable present day inventories, but also of C stocks
prior to and during expansion of agriculture in the nineteenth century. Current
inventories for some regions, estimates of historic CO2 release to the atmosphere,
and projected sizes of future terrestrial C sinks often carry uncertainties of 25–50%
or more. This results from inherent variability and heterogeneities across temporal
and spatial scales, imperfect assumptions, and inadequate data collected mostly for
other purposes. These data are statistically inadequate for representing large areas
of the Earth’s land surface. For example, it has been speculated that the ‘missing’
C sink may just be a result of misinterpretation of inadequate databases (Lal et al.,
1998c).

Baseline data and improved inventories that are statistically significant and
consistent over large areas of the Earth are needed. Specifically, studies designed
to collect information on the scale of kilometers or smaller are needed for large
areas of Africa, South America, and Asia because existing data are not accurate
enough for predictive and interpretive purposes. Also, special attention should be
paid to categorization and prioritization of degraded lands for restoration and of
saline, alkaline, and acid sulfate soils to enact programs to stop or reduce future
degradation.

Data collection should also be designed in such a way as to improve our
ability to project influences on soil C of land use changes such as, for exam-
ple, urbanization, deforestation, afforestation and reforestation, or the creation
of biofuel plantations. Information is also needed on a number of selected
ecosystem parameters that are not now commonly collected in order to bet-
ter understand soil C sequestration. In addition to aboveground biomass and
SOC data, efforts should include data on litter and coarse woody debris, nei-
ther of which is routinely included in commercial forest inventories. Also, it is
very important to quantify SIC, for which native stocks and dynamics and re-
lationships to land use are virtually unknown. Example of collaborative efforts
to improve databases is SOMNET, the International Soil Organic Matter Net-
work (www.nmw.ac.uk/GCTEfocus3/networks/somnet.html) and the World Soil
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Resources of the Soil Conservation Service (WRS-SCS) effort to collate soil C
data from around the globe (Eswaran et al., 1995).

3.3. SOIL CARBON DYNAMICS AND PEDOSPHERIC PROCESSES

Despite recent progress toward improved national and regional soil C budgets,
research and modeling of soil C dynamics, and research in land use and soil
management, many knowledge gaps still remain in our understanding of the
fundamental mechanisms responsible for soil C sequestration and interrelated pe-
dospheric processes. For example, limited data are available on relative C turnover
rates in macro- versus microaggregates or on belowground vegetation C stocks
and decomposition in the rhizosphere, which are essential to understanding soil C
allocation and flux.

The proportion of C stocks below the active decomposition zone is important
to long-term storage. What processes control the downward movement of C? The
production and fate of dissolved organic C (DOC) is poorly understood, as is its
potential for leaching and deep storage. Recent discoveries of large and pervasive
subsurface microbial ecosystems (Fredrickson and Onstott, 1995) suggest that bio-
geochemical mechanisms may exist at the deep root/subsoil interface to control the
fate of C at depth. Research in this area is warranted.

Also in need of better understanding are the mechanisms responsible for cycling
and allocation of soil C, including detrital chemistry and SOM formation, and
formation and stabilization of soil micro- and macroaggregates and their role in
sequestration. Soils in which it is particularly important to focus new efforts are
those from tropical ecosystems, in which both soil C losses and gains are rapid
at high temperature. Equally in need of additional research are: (1) C pools in
frozen soils and the potential for changes in C dynamics, (2) the magnitude and
dynamics of soil inorganic C (SIC), in both arid and non-arid regions, and (3) C
turnover and sequestration in subsoils. Of particular importance is the need for
better understanding on regional and global scales of interactions among C, water,
and other major biogeochemical cycles (N, S, P, Fe) and how human activities
impact these cycles.

Quantitative data on relative C turnover rates in macro- versus microaggregates
are limited (Jastrow et al., 1996). Recent reports on the physical fractionation of
SOM have brought a new dimension to the study of SOM turnover (Cambardella
and Elliott, 1993, Gregorich and Ellert, 1993). Physical separates are concrete and
tangible entities. Thus, the dynamics of C and N within these fractions can be
studied approximating at least the physical location where these transformations
take place. Measurements of these physical entities (aggregates), however, must be
accompanied by characterization of their turnover rates. Associating these to phys-
ical structures will yield viable substitutes for the current kinetic compartments of
simulation models (Christensen, 1996).
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Pedospheric processes important to regional and global C cycling include leach-
ing, erosion, and gaseous fluxes. The fate of C redistributed over the landscape by
erosion and through the profile by leaching is poorly understood. One example of
the possible consequences of this lack of understanding is the inability to predict
the scale of potential impacts on pedospheric processes of fertilizer use and inten-
sive agriculture in regions not previously subjected to large-scale farming, such as
tropical savannahs.

Research is needed to bound the probable time scales for pedospheric changes
and their probable effects on C sequestration. The influences of ongoing and
expected global climate change on soil processes include increased temperature,
changing moisture patterns, and increased atmospheric CO2. Questions include:

• What processes govern rates of change in soil salinity and alkalinity on time
scales from months to decades?

• What key activities of soil microbiota, microfauna, and mesofauna are central
to C sequestration in months, years, and decades? How are these reflected in
soil productivity and quality?

• How do stocks and the quality of C evolve in different soils over years
and decades, and how are they influenced by initial structural, textural, and
mineralogical properties?

• How will the susceptibility of soil to erosive forces change with addition or
loss of C? What will be the time scale of these changes – years or decades?

3.4. BIOTECHNOLOGY AND BIODIVERSITY

Discovery and characterization efforts to understand plant and microbial diversity
could be exploited for purposes of soil C sequestration. Lal et al. (1999), for ex-
ample, examine in detail the research needs for discovery and application of native
plant biodiversity for C sequestration and reclamation of degraded lands.

Research in microbial diversity and application is currently limited because
most microorganisms are unculturable. Direct extraction and study of DNA and
RNA from the environment and the rapid growth in available whole microbial
genome sequences are together opening new approaches to understanding and
applying microbial biology. Nonetheless, the improved ability to culture important
microorganisms, such as mycorrhizal fungi, remains key to advancing microbial
applications to enhanced soil C sequestration.

As mentioned, many or most of the properties of plants that are targets for
enhanced sequestration are multigenic in nature, involving numerous metabolic
and developmental molecular signaling events and pathways. Building on genome
sequencing, research in functional genomics and proteomics (protein diversity and
function) is needed to unravel the complexities of multigenic traits and their inter-
action with the environment before directed modification can proceed effectively.
Thus, the use of more sophisticated molecular and instrumental approaches is im-
portant to direct basic research at key biological and ecological processes, such
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as plant-microbe molecular signaling, relatedness of environmental stress to plant
NPP, and biological N2-fixation, to name but three examples.

3.5. METHODS AND INSTRUMENTATION

Much of the needed research, such as improving soil C inventories, can be
addressed by broader use of currently available methods. In other cases, new ap-
proaches to integrated field and laboratory research and better instrumentation are
required. The parallel improvement of process-oriented computational models for
simulating key mechanisms at the appropriate molecular, pore, and meter scales,
and relating them to field and ecosystem scales is also important for understanding
and predicting the potential consequences to soil C sequestration of shifting land
use and global climate change (Paustian et al., 1995). Experimental approaches for
addressing field research needs include:

• Analog studies with soil chronosequences.
• Laboratory studies of mechanistic processes.
• Improvement of process models for describing changes in soil properties as a

function of temperature, precipitation, and land use.
• Field manipulation studies.
• Long-term field studies.

Priority ecosystems for field research to understand potential impacts of global
climate change include transitional regions, coastal areas, irrigated landscapes
in semiarid regions, tundra, deforested areas, and natural wetlands. Studies to
understand the possible impacts of long-term trade-offs between enhanced C se-
questration and reduction in gaseous C emissions from soil is needed to address
the question of how different ecosystems will shift or change (Houghton et al.,
1998). For example:

• Minimum tillage slows the rate of decomposition of SOC yet adds organic
materials to the surface. Is occasional cultivation to bury the additional organic
matter required to maximize long-term C sequestration? Or will this stimulate
decomposition?

• What will be the effects of expanded use of N and other nutrient fertilization,
such as in forests? Productivity will increase, but will SOM increase or will
enhanced microbial activity lead to release of C to the atmosphere?

Finally, new analytical methods and instruments (e.g., NMR and mass spec-
trometers) currently under development should be employed to improve and
standardize data on soil C. Analytical methods must be standardized and widely
adopted for accurate and precise quantification of different C pools while repro-
ducibly and significantly detecting the very small soil C concentration changes that
are important on regional and global spatial scales over years, decades, and longer.
Advanced isotopic and spectroscopic methods should be improved upon and used
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on a larger scale. Development of reliable instruments for routine measurement of
SOC and SIC in the field is also an important goal.

3.6. SOCIOECONOMIC CONSIDERATIONS

Research is needed to understand the overall social and economic advantages and
challenges of applying new technology to enhance soil C sequestration. Central to
this is the requirement for complete life cycle inventory and environmental analysis
for competing land use options and for the introduction of new technologies for soil
C sequestration.

4. Summary

Storage of C in soils and plants has the potential to offset CO2 emissions to the
atmosphere in the coming decades while new ‘clean’ energy production and CO2

sequestration technologies are developed and deployed. Two-thirds of the C in the
terrestrial biosphere is stored belowground. Its worldwide distribution as SOM and
SIC among ecosystems is not accurately known. Also poorly understood are the
biogeochemical and pedogenic mechanisms responsible for C allocation into pools
of varying longevity and how the key processes are manifested at the molecular,
microscopic, soil aggregate, field, landscape, regional and global scales.

Because they are economically important, have a rich history of directed re-
search and can be most easily managed, forests and croplands are best suited for
application of existing and new technology to enhance terrestrial C sequestration
in the near term. Nonetheless, estimates of the potential for enhanced C storage,
even in the United States, vary more than two-fold. In addition to proven manage-
ment approaches, new management, chemical, and biological technology hve the
potential to impact soil C storage. What is needed is basic research to improve our
fundamental understanding of natural phenomena controlling soil C sequestration
and basic and applied research and development to bring new management and
technology to the challenge.
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Notes

1 ε = g dry matter per megajoule absorbed photosynthetically active radiation.
2 Thirteen states account for over 75% of the acres in CRP, a $2 billion conservation program.
3 Any scheme of this nature, however, would have to carefully consider the potential loss of CO2

from carbonate dissolution depending on site-specific parent materials and geochemical conditions.
4 CAM = crassulacean acid metabolism. Like C-4 species, CAM plants have specialized leaf

anatomy and biochemistry for CO2 fixation.
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